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Abstract: We report phase-modulation mode-locking of a continuous-wave (cw) singly-
resonant optical parametric oscillator (OPO) in the near- and mid-infrared based on
MgO-doped periodically poled LiNbO3 (MgO:PPLN) and pumped by an Yb-fiber laser at
1064 nm. By investigating the spectral output and pulse formation characteristics of the
OPO, we observe a clear transition from an unstable spectrum in cw operation to a
stable and smooth profile under phase modulation, confirming mode-locked operation.
Pulse generation and spectral characteristics under different operating conditions are
studied, including the effects of the location of the intracavity phase modulator and the
number of oscillating modes on mode-locked output pulse duration.
Index Terms: Optical parametric oscillators, mode-locked lasers, near- and mid-infrared
sources, nonlinear optics and devices.
1. Introduction
For many years, mode-locking techniques in lasers have been exploited for the generation of ul-
trashort optical pulses [1]. From active to passive, various methods have been studied and dem-
onstrated. Given the broad fluorescence bandwidths in the Ti:sapphire gain medium, over the
past two decades, the Kerr-lens-mode-locked (KLM) Ti:sapphire laser [2] has been established
as the workhorse of ultrafast science and technology, capable of providing ultrashort pulses
with wavelength tuning in the near-infrared (near-IR) [3]. Mode-locked laser sources such as
Yb, Er, and Tm fiber lasers, and Cr-doped ZnSe lasers have also been developed providing tun-
ing capability in specific spectral regions in the near-IR to mid-IR [4].
For continuous and broad coverage in arbitrary wavelength regions, nonlinear frequency con-
version techniques offer a highly attractive approach to overcome the spectral limitations of
lasers [5]. In particular, optical parametric oscillators (OPOs) represent versatile and practical
sources of tunable coherent radiation from the ultraviolet to the mid-IR, operating in all temporal
domains from the continuous-wave (cw) to femtosecond time-scales [6]. For the generation of
ultrashort pulses in the spectral regions covering the ultraviolet to the mid-IR, in particular,
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synchronously-pumped OPOs are now established as viable tunable ultrafast sources [7].
However, OPOs based on synchronous pumping require the deployment of mode-locked ultra-
fast lasers as the pump source, thus generally resulting in relatively high complexity, large size,
and high cost for such OPOs. To overcome the requirement for ultrafast pump lasers, in recent
years, the possibility of direct application of mode-locking methods to OPOs under cw pumping
has been experimentally investigated [8]–[12]. For OPOs, it was shown earlier [13] that synchro-
nous pumping is the only option for generating ultrashort pulses, because a parametric device
is not able to store the pump energy for use at later times. However, the advent of quasi-phase-
matched (QPM) materials has enabled the possibility of active mode-locking in cw-pumped
OPOs. In recent years, different QPM materials have been exploited, enabling direct active
mode-locking of cw OPOs, generating steady-state pulses in the near-IR. As known, the active
mode-locking technique can be achieved using amplitude or frequency modulation. Based on
acousto-optic or electro-optic elements, mode-locking has been demonstrated in various earlier
reports on lasers [14]–[17].
Over the past few years, using an acousto-optic modulator (AOM), a cw-pumped OPO based
on MgO-doped periodically-poled LiNbO3 (MgO:PPLN), in doubly-resonant oscillator (DRO) and
singly-resonant oscillator (SRO) configurations has been demonstrated to generate stable nano-
second pulses [8], [9]. In addition, passive mode-locking has been theoretically studied in a
pump-swept OPO [18]. In one recent demonstration, by using electro-optic phase modulation,
and by deploying a cw green laser at 532 nm to pump a cw SRO based on MgO:sPPLT, we re-
ported the generation of picosecond pulses in the near-IR [11]. In addition, deploying the same
laser source and nonlinear material, we have demonstrated direct active phase-modulation
mode-locking of a cw DRO operating near degeneracy at 1064 nm [12]. Given the higher passive
spectral and temporal stability in a SRO compared to DRO, here we study the operating charac-
teristics of a cw SRO based on MgO:PPLN as the nonlinear material pumped by a cw Yb-fiber
laser at 1064 nm, which uses an electro-optic modulator (EOM) as a single mode-locking ele-
ment, and we demonstrate the possibility to achieve mode-locking at longer wavelengths into the
near- and mid-IR. Since the basis for achieving mode-locked output is to induce a constant phase
relation between the modes in the resonant cavity, as in a conventional mode-locked laser, the
Fourier relation between the frequency and time domain predicts the shortest attainable pulse du-
ration for a given spectral output. Therefore, it provides useful information about the strategies that
need to be implemented in order to ultimately achieve transform-limited output performance from
the device. As such, it is important to study the frequency domain behavior and the spectral output
from cw mode-locked OPOs to gain further insight into the pulse formation mechanisms and spec-
tral properties. In this study, we thus also explore the spectral output and pulse formation in the
directly phase-modulation mode-locked MgO:PPLN cw SRO operating in a different spectral range
in near- and mid-IR, and under a different pumping level from our previous report [11].
2. Experimental Setup Details
The cavity configuration for the mode-locked cw SRO is similar to that in our earlier work [11],
and is shown in Fig. 1. The pump source is a cw Yb-fiber laser (IPG Photonics, YLR-30-1064-
LP-SF), delivering up to 30 W of output power at 1064 nm in a single-frequency, linearly-
polarized beam with M2  1:01 and a nominal linewidth of 89 kHz. The SRO is configured in a
standing-wave cavity comprising two concave mirrors, M1 and M2 (r ¼ 150 mm), a third concave
mirror, M4 (r ¼ 500 mm), and two plane mirrors, M3 and M5. Mirrors, M15, are highly reflecting
for the signal (R > 99%@1.3–1.9 m), and transmitting for the idler (T > 90%@2.2–4 m) and
pump (T > 92%@1064 nm). The nonlinear crystal is a 48-mm-long, 6.2-mm-wide and 1-mm-
thick, 5% bulk MgO:PPLN, which is housed in an oven with a stability of 0:1 C. The crys-
tal contains five gratings with periods ranging from  ¼ 29:5 m to  ¼ 31:5 m, in steps of
0.5 m. However, we only use the  ¼ 30 m grating period in this study, providing a theo-
retical wavelength tuning range of 3625-3351 nm for the idler and 1506–1559 nm for the sig-
nal by varying the crystal temperature from 25 C to 200 C. A lens of focal length,
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f ¼ 250 mm, was used to focus the pump beam to a waist radius of w0p ¼ 63 m, resulting
in a signal beam waist radius of w0s ¼ 79 m at the center of the crystal. The EOM used is
based on a 40-mm-long MgO:LiNbO3 crystal (New Focus, model 4003), with a resonant fre-
quency of  ¼ 80 MHz and tunability of 5 MHz, with both faces antireflection-coated over
1–1.6 m. It has a 2 mm clear aperture, through which the beam diameter can be adjusted
using M4 and is placed close to M5. The separation between the EOM end-face and M5 is
z0 ¼ 1 cm. M3 is mounted on a translation stage to enable adjustment of the cavity length for
synchronization with the EOM resonant frequency. The total optical length of the SRO cavity,
when synchronized with resonant frequency of EOM, is L ¼ 2Llinear ¼ 3:72 m. A dichroic mir-
ror, M, is used to separate the non-resonant idler from the transmitted pump beam.
3. Results and Discussion
Keeping the crystal temperature at 100 C, corresponding to an idler wavelength of 3520 nm
(signal at 1525 nm), and without the EOM in the cavity, the MgO:PPLN cw SRO provides an
idler power of 3.9 W for 28.7 W of pump power, and has an oscillation threshold of 12.5 W. With
the insertion of the EOM into the cavity, the oscillation threshold increases to 16 W and the cw
SRO provides 2.5 W of idler power for an input pump power of 28.7 W. The increase in thresh-
old power is attributed to the EOM insertion loss. At 1525 nm, the single-pass insertion loss of
the EOM is measured to be 5% (0.23 dB). Maintaining the crystal temperature at 100 C, we
investigated mode-locking of the SRO.
3.1. Pulse Width and Stability
We monitored the temporal output of the SRO using an InGaAs photo-detector (20 GHz,
18.5 ps) and a fast oscilloscope (3.5 GHz, 40 GS/s). With fine adjustment of EOM modulation
frequency and systematic change in the modulation depth, we obtained sharp pulses with dura-
tion of 305 ps and 236 ps at 160 MHz and 80 MHz, as shown in Fig. 2(a) and (b), respectively.
The 80 MHz pulse train recorded in the microsecond scale, depicting the intensity noise on the
output pulses, is shown in Fig. 2(c), where a pulse peak-to-peak stability better than 7% is mea-
sured over 100 s.
3.2. RF Measurements
We also characterized the mode-locked pulses by performing RF spectral measurements.
The wide-span frequency spectrum measurements up to 1.2 GHz for 160 MHz pulses and up to
600 MHz for 80 MHz pulses, obtained by keeping EOM modulation depth at 1.83 rad and tuning
modulation frequency to  and  , respectively, are shown in Fig. 3(a) and (b). Here,  is
Fig. 1. Schematic of experimental setup. FI, Faraday isolator; =2, half-wave plate; PBS, polarizing
beam-splitter, L, lens; M15, cavity mirrors; M, dichroic mirror; EOM, electro-optic phase modulator.
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80 MHz, and  is a small change in modulation frequency on either side of , which is of the
order of kHz. In Fig. 3(b) the repetition rate of 80 MHz and its harmonics are seen as sharp
peaks, with no significant spectral modulation, implying negligible instabilities. Fig. 3(c) and (d)
show the RF spectrum around the fundamental repetition rate for 160 MHz and 80 MHz pulses,
respectively. As can be seen, for 80 MHz pulses, peak-to-background ratio of 30 dB has been
obtained.
Fig. 3. Wide-span RF spectrum for (a) 160 MHz pulses and (b) 80 MHz pulses. RF spectrum mea-
sured around the fundamental repetition rate for (c) 160 MHz pulses and (d) 80 MHz pulses with
resolution bandwidth of 3 MHz.
Fig. 2. Pulse train obtained at (a) 160 MHz and (b) 80 MHz. (c) Output pulse train at 80 MHz over
100 s.
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3.3. Spectral Measurements and Beam Quality
In order to study mode-locking in the frequency domain, we performed spectral measure-
ments for different SRO operating conditions. Fig. 4 shows the signal spectrum, recorded using
optical spectrum analyzer (OSA), with a resolution of 0.05 nm, when the EOM is switched off,
and the OPO is under cw operation. As seen, the output spectrum is not smooth, and exhibits a
bandwidth of 0.8 nm. This indicates the occurrence of mode hops in the SRO cavity. Given the
signal acceptance bandwidth of 2 nm for the 48-mm-long MgO:PPLN crystal, the mode hopping
could be attributed to thermal fluctuations and mechanical vibrations of the OPO cavity. How-
ever to confirm the instantaneous single-frequency operation of the SRO, we recorded the
transmission spectrum of the signal output under cw condition, using a confocal Fabry–Perot
interferometer, FPI (FSR ¼ 1 GHz, finesse ¼ 400). The transmission spectrum confirms single-
frequency operation with an instantaneous linewidth of 100 MHz, as shown in the inset of
Fig. 4. Keeping the modulation depth fixed at 1.83 rad and tuning the modulation frequency to
  80 MHz, when sharp pulses at 160 MHz are observed, using an OSA with identical instru-
ment settings as that in the cw measurements, we then recorded the output pulse signal spec-
trum. The results are shown in Fig. 5. As can be seen in Fig. 5(a), the output spectrum
becomes smooth and forms an envelope under phase-modulation. Fig. 5(b) shows the spectral
output for 80 MHz pulses when the modulation depth is again kept fixed at 1.83 rad and modu-
lation frequency is detuned to  . Again, the output spectrum is seen to form an envelope
with a FWHM bandwidth of 0:52 nm corresponding to 835 axial modes of the OPO cavity. The
Fig. 4. Output signal spectrum with SRO under cw operation. (Inset) Single-frequency spectrum of
signal output.
Fig. 5. Output signal spectrum under mode-locked conditions at (a) 160 MHz and (b) 80 MHz.
(c) Spatial beam profile of the mode-locked signal pulses at 80 MHz.
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transition from a modulated spectrum under cw operation to a smooth profile under phase mod-
ulation is clear indication of locking of the OPO cavity modes, resulting in pulsed output genera-
tion. We have also observed that when the SRO is mode-locked, the spectrum is shifted by
0:5 nm towards shorter wavelengths, as compared to cw operation. We believe this shift could
be due to the group velocity dispersion that persists between the interacting waves for broad
bandwidth signal under mode-locked operation [19]. However, to fully understand this effect, fur-
ther study is needed. Another contributing factor for this wavelength shift could be the thermal
load of the nonlinear crystal, resulting in a rise in crystal temperature, and thus a longer signal
wavelength in MgO:PPLN under cw operation [20]. The shift in output wavelength during the
transition from cw to mode-locked operation was also observed using a conventional spectrum
analyzer with low resolution. In addition, the signal transmission spectrum in mode-locked oper-
ation, when observed using the same FPI, showed some indistinct broadening, as also noted in
our previous work [11]. However, limited by the available diagnostics, we could not determine
the signal spectral bandwidth.
We also measured the far-field energy distribution of the mode-locked signal pulses at 80 MHz.
The result is shown in Fig. 5(c), confirming a TEM00 spatial profile with a beam circularity > 90%.
3.4. Cavity Axial Modes and Position of EOM
At maximum pump power, when the OPO is operating 1:8 times above threshold, it is pos-
sible to study the effect of number of oscillating cavity modes on mode-locking by performing
frequency selection using an etalon. For the etalon, we used a 0.4-mm-thick uncoated fused sil-
ica plate (FSR ¼ 255 GHz, finesse G 1), which was inserted between mirrors M2 and M4. Under
cw operation, with the EOM off, we recorded the output spectrum at different angle of incidence
(AOI) on the etalon, and observed that the central wavelength shifts from 1525 nm at AOI ¼ 0
to 1524.3 nm at AOI ¼ 3. To explore the role of the number of oscillating cavity modes in
mode-locking, we monitored the output in the time domain while incorporating the etalon at
AOI ¼ 0 under cw condition. To achieve mode-locking, we increased the modulation depth to
1.63 rad and tuned modulation frequency to  . Fig. 6(a) shows the temporal output. As
evident, we did not observe clear pulse formation. However, indistinct pulses at 80 MHz with
3.1 ns duration were obtained. This is attributed to the reduced number of available cavity
modes that can be phase-locked, resulting in less efficient mode-locking and longer output
pulses. With further increase in the modulation depth beyond 1.63 rad, the OPO operation was
observed to cease. At other AOI on etalon, mode-locking was not achieved. In such situations
the OPO ceased operation after even a small increase in modulation depth from minimum.
In a recent report on actively mode-locked DRO, pumped at 532 nm, where a broad spectral
bandwidth is available near degeneracy, we demonstrated the dependence of output pulse
Fig. 6. (a) Output in time domain when etalon is incorporated at AOI ¼ 0 and modulation depth
and frequency kept at 1.63 rad and  , respectively. Pulse train obtained for z0 ¼ 10 cm at
(b) 160 MHz and (c) 80 MHz.
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duration on the position of EOM in the cavity [12]. To study this dependence in the present
SRO, we increased the separation of the EOM from mirror, M5, from z0 ¼ 1 cm to z0 ¼ 10 cm,
and observed the OPO output in the time domain. The general behavior of the temporal output
is similar to that when EOM is placed close to M5 (z0 ¼ 1 cm). However, we observed significant
difference in the pulse duration. Fig. 6(b) and (c) show the pulses obtained for z0 ¼ 10 cm at
160 MHz and 80 MHz, respectively. As evident, the pulse duration for 160 MHz and 80 MHz is
924 ps and 900 ps, respectively, which are three to four times longer than the pulse durations
obtained for z0 ¼ 1 cm.
4. Conclusion
We have demonstrated a phase-modulation-mode-locked cw SRO in the near-and mid-IR based
on MgO:PPLN, and have investigated its spectral and pulse formation characteristics. We have
observed a clear transition from an unstable spectrum in cw operation to a stable spectrum with
smooth profile under phase-modulation, clearly confirming mode-locked operation. We have
also studied the effect of number of oscillating modes and the position of phase modulator on
the duration of the output pulses. The results clearly confirm the expected Fourier transform re-
lationship between spectral and temporal characteristics of the mode-locked OPO. The shortest
mode-locked pulse length of 236 ps so far generated is far from transform-limited duration of
6.6 ps for the available spectral bandwidth of 0:52 nm (FWHM), which indicates that the con-
tributing bandwidth to mode-locking is narrow. This is attributed to the large intracavity group ve-
locity dispersion (GVD) in the 48-mm-long MgO:PPLN and 40-mm-long LiNbO3 modulator
crystals, which in total amount to þ9530 fs2 ðþ108:3 fs2=mmÞ, as well as the GVD of the OPO
cavity mirrors and crystal coatings, which is unknown. With careful intracavity GVD control using
negatively chirped OPO mirrors, substantially shorter mode-locked output pulses approaching
the transform limit are expected. Further reductions in pulse duration can also be achieved
using higher modulation frequencies for the EOM with suitable thermal management. It is also
to be noted that while the present study relates to the mode-locked signal pulses, due to the
lack of diagnostics in the idler wavelength range, we expect the same general behavior of the
idler pulses, as already confirmed in our earlier studies [11]. This study also demonstrates that
the phase-modulation mode-locking technique for the generation of optical pulses can be de-
ployed in different spectral regions using cw OPOs based on different nonlinear materials and
pump sources.
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